Cumulative evidence from histology-based studies demonstrate that the currently available intravascular imaging techniques have fundamental limitations that do not allow complete and detailed evaluation of plaque morphology and pathobiology, limiting the ability to accurately identify high-risk plaques. To overcome these drawbacks, new efforts are developing for data fusion methodologies and the design of hybrid, dual-probe catheters to enable accurate assessment of plaque characteristics, and reliable identification of high-risk lesions. Today several dual-probe catheters have been introduced including combined near infrared spectroscopy-intravascular ultrasound (NIRS-IVUS), that is already commercially available, IVUS-optical coherence tomography (OCT), the OCT-NIRS, the OCT-near infrared fluorescence (NIRF) molecular imaging, IVUS-NIRF, IVUS intravascular photoacoustic imaging and combined fluorescence lifetime-IVUS imaging. These multimodal approaches appear able to overcome limitations of standalone imaging and provide comprehensive visualization of plaque composition and plaque biology. The aim of this review article is to summarize the advances in hybrid intravascular imaging, discuss the technical challenges that should be addressed in order to have a use in the clinical arena, and present the evidence from their first applications aiming to highlight their potential value in the study of atherosclerosis.
Introduction
Intravascular imaging was introduced in the clinical setting in the beginning of 1990s and enabled for the first time in vivo evaluation of the atheroma burden and detection of plaque characteristics associated with increased vulnerability. 1 The first clinical applications of intravascular imaging techniques [i.e. intravascular ultrasound (IVUS) and optical coherence tomography (OCT)] demonstrated their potential value in assessing plaque morphology and pathophysiology and generated optimism that intravascular imaging would enable accurate detection of high-risk plaques likely to cause clinical events. 2, 3 However, recent histology-based studies and large-scale studies of coronary atherosclerosis revealed significant limitations of existing imaging modalities in detecting vulnerable plaque characteristics and high-risk lesions (i.e. in the PROSPECT study the positive predictive value of IVUS-derived variables in detecting lesions that caused events was 18.2% while in the PREDICTION the positive predictive value of IVUS-derived variables and of the local haemodynamic forces in detecting lesions that progressed and required revascularization was 41%) and highlighted the need to design alternative invasive imaging techniques that would allow complete and accurate evaluation of plaque morphology and pathobiology. 4 -7 The miniaturization of medical devices and advances in image and signal processing permitted the development of novel modalities [e.g. near infrared spectroscopy (NIRS), intravascular photoacoustic (IVPA) imaging, near infrared fluorescence (NIRF) molecular imaging, and time-resolved fluorescence spectroscopy (TRFS), or fluorescence lifetime imaging (FLIm)] that appear able to address certain limitations of either IVUS or OCT and provide additional information about plaque morphology and pathobiology. Nevertheless, no single existing technique enables a complete assessment of the plaque (Supplementary material online, file). To address this challenge, hybrid imaging has been suggested. Hybrid intravascular imaging can be obtained either through the development of methodologies that allow reliable offline co-registration of data acquired by different modalities with complementary strengths, or through the design of dual-probe catheters that enable simultaneous assessment of plaque morphology by two different imaging techniques. 8 Over the recent years, significant advances have occurred in this field and accumulating evidence indicates the potential value of hybrid imaging in research. The aim of this article is to present the latest developments in hybrid intravascular imaging, describe the technical challenges and limitations of the available data fusion methodologies and dual-probe catheters, summarize the evidence from their first applications, and discuss their future role in the study of coronary atherosclerosis ( Table 1) .
Recent advances in hybrid intravascular imaging modalities Fusion of intravascular and X-ray imaging data
The first methodologies developed to reconstruct the threedimensional (3D) coronary artery anatomy from IVUS and X-ray angiographic data required prospective image acquisition and the implementation of tedious protocols (i.e. the use of calibration objects, and simultaneous imaging of the IVUS catheter and the luminal silhouette) that restricted considerably their applications in research. 9 -11 These limitations were overcome by a recently introduced approach that has the ability to retrospectively reconstruct the coronary anatomy from routine coronary angiography and IVUS, 12 and it has already been used to study the effect of the local haemodynamic forces on plaque growth ( Figure 1 ).
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Numerous in vivo studies have shown that low and oscillating endothelial shear stress (ESS) determine plaque evolution and vulnerable plaque formation while the PREDICTION study, the largest study of its kind, demonstrated that low ESS is an independent predictor of future revascularizations. 7, 14, 15 In addition, IVUS-based modelling has been used to examine the implications of the ESS on neointimal proliferation, while a recent IVUS-virtual histology (VH)-based study has shown that ESS affects also neointima composition. 13, 16 Nevertheless IVUS-based modelling cannot provide detailed reconstruction of the lumen surface in stented/scaffolded segments and in ruptured plaques as IVUS imaging has limited resolution which does not permit detailed visualization of the luminal surface and of the struts. These limitations have been recently addressed by OCT-based modelling. Three methodologies are today available for the reconstruction of the coronary anatomy from X-ray and OCT data ( Figure 1) . 17 -19 Applications of these techniques have shown that the high resolution of OCT enables more detailed reconstruction of luminal morphology and of the protruded struts in scaffolded segments, reliable evaluation of the flow disturbances and recirculation zones (Supplementary material online, Figure S5 ), and assessment of the association between neointimal proliferation and ESS. 20 OCTbased modelling has also been used to evaluate the association between ESS and plaque micro-features that cannot be visualized by IVUS such as macrophages, micro-calcifications, and neo-vessels. 21 In a small-scale study that included 21 patients admitted with an acute coronary syndrome, low ESS was associated with an increased incidence of OCT-derived thin-cap fibroatheromas (TCFA), spotty calcifications, macrophage accumulation and thinner fibrous caps over necrotic cores, while another report has shown that high ESS was seen more often at the rupture site and was associated with an increased lipid component, and thinner fibrous caps.
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These findings support hypotheses and previous experimental studies which advocate that low ESS promotes vulnerable plaque formation and destabilization, while high ESS likely contributes to the specific location of frank plaque rupture.
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Fusion of intravascular imaging and computed tomographic coronary angiography
The first method to fuse non-invasive, computed tomography coronary angiography (CTCA) with IVUS data was introduced by van der Giessen et al. 25 The proposed approach is similar to methodologies proposed to fuse X-ray and intravascular imaging and combines 3D centreline data from CTCA and anatomical landmarks seen on both IVUS and CTCA to identify the position and orientation of IVUS images onto the extracted centreline. IVUS-CTCA-derived models appear an attractive alternative for ESS computation, especially since it is easier to study coronary artery bifurcations. 26 Combined CTCA and IVUS imaging demonstrated that plaques in coronary bifurcations are exposed to increased ESS even from the early stages of plaque development, and that high ESS associate with the location of plaque rupture. 27 In a small CTCA-IVUS study, low ESS was associated with thicker plaques, containing predominantly IVUS-derived fibrofatty tissue. 28 Recently, fusion of CTCA and IVUS was used to simulate a stent deployment procedure. 29 Both the lumen and the vessel wall of a coronary bifurcation were reconstructed, and numerical procedures were applied to model stent deployment. This feasibility study demonstrated the potential of in silico methodologies to plan and optimize stenting in complex procedures. An identical methodology can be applied to fuse OCT and CTCA data. Recently, Karanasos et al. fused CTCA and IVUS, and CTCA and OCT data to investigate the relationship between ESS and fibrous cap thickness in segments implanted with bioresorbable scaffolds. 30 They demonstrated that high ESS, 2 years post-implantation, Centreline methodology proposed to reconstruct coronary anatomy from X-ray and intravascular imaging data acquired during a conventional cardiac catheterization. The luminal centreline is detected in two angiographic projections and then it is extruded perpendicularly to its plane forming two surfaces (A). The intersection of the two surfaces is a 3D curve that corresponds to the backbone of the vessel. The side branches are identified in the intravascular ultrasound or the optical coherence tomography images and vectors are drawn to mark their direction (Panels 1, 2, 3, 4). These vectors and the luminal borders detected in the remaining frames are placed perpendicularly onto the extracted luminal centreline and their relative axial twist is estimated using the sequential triangulation algorithm. The first intravascular ultrasound or optical coherence tomography frame is rotated around the luminal centreline, the reconstructed lumen is projected onto the angiographic images and the direction of the vectors indicating the side branches in intravascular images are compared with the origin of the corresponding branches in X-ray projections (B and E). The rotation angle of the first frame at which the best matching is achieved corresponds to the correct absolute orientation of the first frame (C-F ). The final intravascular ultrasound -and optical coherence tomography-based models are shown in panels (D -G). The data for the design of this figure were kindly provided by Jang. Continued was correlated to thicker fibrous caps at 5 years, indicating that ESS modulates the long-term vascular healing response of the vessels treated with these devices.
Combined near infrared spectroscopyintravascular ultrasound imaging
Combined NIRS-IVUS imaging is the only hybrid intravascular imaging technology currently approved for clinical use in the USA and other countries and was introduced in order to provide more reliable assessment of plaque morphology and composition. The combination of NIRS and IVUS in a simultaneously acquired and co-registered manner is particularly advantageous, since IVUS can measure plaque structure, while NIRS accurately and reproducibly can determine the presence of lipid-rich plaques. 31 Currently, commercially available NIRS-IVUS combines extended bandwidth 50 MHz rotational IVUS with NIRS on a single 3.2 Fr monorail catheter ( Table 2) . Near infrared spectroscopy-intravascular ultrasound has been used in a number of trials to assess the effect of statins on plaque burden and composition. 32, 33 Near infrared spectroscopy-intravascular ultrasound studies have also shown that the culprit lesions in patients with non-ST or ST elevation myocardial infarction have specific morphological characteristics (i.e. an increased lipid component and plaque burden), suggesting that a high-risk lipid plaque signature is associated with acute cardiac events ( Figure 2) . 34, 35 Some early results suggest the ability of NIRS-IVUS to identify plaque characteristics associated with future events, 36 and two major trials are underway (Prospect II, NCT02171065; and the Lipid Rich Plaque Study, NCT02033694) to more comprehensively and rigorously prove this hypothesis. Limitations of NIRS-IVUS include the inadequate resolution of IVUS for finer measurements such as the neointimal coverage of stent struts or the cap thickness, the loss of the IVUS imaging signal behind calcific tissue or stent struts, occasional lumen border definition issues in the presence of thrombus or high blood speckle, and the requirement to prime and sometimes flush the imaging catheters. Near infrared spectroscopy is limited by not giving explicit depth information of the lipid core plaque, and thus superficial lipid cannot be distinguished from deep lipid in the same arc using the NIRS information alone.
Combined intravascular ultrasoundoptical coherence tomography imaging
Of the existing intravascular imaging modalities developed thus far, the two technologies with the largest collections of published literature and clinical experience are IVUS and OCT. Intravascular ultrasound has the advantages of a large field of view, deeper imaging depth and the ability to see through blood, while OCT has better contrast than IVUS between soft plaque components, such as lipid-rich regions, fibrous tissue, and thrombus. Optical coherence tomography has also better resolution at the expense of poorer imaging depth that often precludes assessment of the atheroma burden and remodelling pattern.
In light of the complementary nature of IVUS and OCT, several probes combining the two modalities have been developed and tested in ex vivo and pre-clinical in vivo settings ( Table 2 All the multimodality imaging probes incorporated a rotational IVUS transducer. * The diameter of this prototype does not include the sheath that would protect the the rotating housing from the artery.
with a rigid 7.2 Fr probe that could rotate at 1 rotation per second. 37 Subsequently, the feasibility of a hybrid IVUS-OCT imaging assembly was implemented in a 4 Fr flexible catheter and tested on human cadaver specimens. 38 The OCT and IVUS beams in this implementation scanned the same cross-section of tissue, but they were fixed at 908 apart from each other, thus potentially subjecting the co-registration of the two images to inaccuracy in the event of nonuniform rotational distortion. The first reported in vivo pre-clinical IVUS-OCT imaging was acquired using a 3.6 Fr catheter in a rabbit aorta where the IVUS and OCT beams were separated from each other by 2 mm along the length of the catheter. 39 In order to minimize loss of co-registration caused by cardiac motion during pullback, a new 'back-to-back' design was built wherein the IVUS and OCT beams were 1808 apart from each other, but without any longitudinal offset. 40 More recently, a 3 Fr hybrid IVUS-OCT catheter with a guidewire tip was built wherein the optics reside within the ultrasound transducer to facilitate miniaturization, while the IVUS and OCT beams travel in the same direction ( Figure 3 ). This design eliminates any rotational or longitudinal offset between the two modalities that may occur, thus eliminating co-registration artefacts due to cardiac motion or variations in the rotational motion of the imaging assembly. Finally, a probe that combines the imaging depth of IVUS, the resolution of OCT, and fluorescence imaging for plaque characterization has been tested ex vivo. 41 This latter tri-modality probe was implemented with a 3.6 Fr diameter imaging assembly in the absence of a catheter sheath. While progress continues on the miniaturization, co-registration and imaging performance of hybrid IVUS-OCT probes, demonstration of the use of such a technology in human patients has not yet occurred, but is anticipated with a real-time image acquisition and display system in the near future (2016). Data continue to emerge with respect to the hypothetical benefits of such a combination in characterizing the composition of the plaque 42 creating promise that combined IVUS-OCT imaging will provide more accurate assessment of plaque evolution, and quantification of the effect of new treatments on plaque progression.
Combined near infrared fluorescence molecular imaging
Optical coherence tomography-near infrared fluorescence imaging Atherosclerosis and stent complications are driven by their underlying pro-inflammatory and pro-thrombotic biological milieu. Molecular, or biological imaging is a relatively new field that aims to image molecular and cellular details in living subjects through injectable, specialized imaging agents followed by matched imaging systems. Near infrared fluorescence molecular imaging is a clinically translatable approach that allows intravascular imaging of biological detail in coronary arteries. 43 Recognizing the need to co-register structural arterial information and NIRF information, a hybrid-dual modal OCT-NIRF system was constructed and validated in vivo. 44 This system employs a 2.4 Fr imaging device based on a clinical standalone OCT platform, and in addition to enabling exact co-registration of the 750 nm NIRF and 1320 nm OCT signals, it enables distance-corrected NIRF signal quantification exactly co-registered with OCT-depicted anatomy ( Table 2 ). The NIRF signal is not axially resolved, as fluorescence is an incoherent phenomenon, and thus the NIRF signal is typically displayed on the luminal surface of the vessel wall. The OCT-NIRF system has recently demonstrated the ability to image and quantify plaque inflammation (augmented NIRF cysteine protease activity) in vivo in rabbit models with simultaneous mapping of plaque structure by OCT (Figure 4) . A similar dual-probe OCT-NIRF catheter has been designed by Lee et al. 45 The prototype has diameter of 2.6 Fr and can acquire images at a rate of 100 frames/s via automated pull-back up to a maximum speed of 40 mm/s. In vivo validation demonstrated the efficacy of the catheter to detect indocyanine green deposition in macrophage-rich rabbit atheroma, confirming the findings of Vinegoni et al. 46 Indocyanine green, a clinically approved agent, has recently further been shown to target human carotid plaques, and should accelerate intracoronary NIRF molecular imaging trials. 47 The ability of NIRF to image molecules associated with plaque inflammation could enhance the identification of plaques at risk for progression and complication, and synergize with structural imaging methods such as OCT. In addition, because NIRF systems can detect a diverse array of NIRF imaging agents, intravascular NIRF molecular imaging can report on plaque protease activity, plaque macrophages, abnormal endothelial permeability, and fibrin deposition on stents (Video). 48, 49 Translationally, clinical intracoronary NIR fluorescence-OCT imaging has recently been demonstrated via detection of plaque 633 nm NIR autofluorescence (NIRAF) in human coronary arteries, as discussed in the next section. 50 This is important step towards enabling targeted NIRF molecular imaging in the 750 -800 nm excitation range.
Optical coherence tomography-near infrared autofluorescence imaging
Autofluorescence patterns of atheroma may provide insights into plaque composition, as evidenced by extensive work in time-resolved fluorescence detection in the UV and visible light range. Recently, Wang et al. has demonstrated 633 nm-excited autofluorescence, detected in the NIR (700-900 nm). 51 This NIRAF signal was measured in human cadaver plaques and found to be highest in necrotic cores identified by histology. When combined with OCT, this device could improve our capability to reliably detect TCFA.
Intravascular ultrasound-near infrared fluorescence imaging As NIR light can travel efficiently through blood, it is in fact possible to perform NIRF molecular imaging through blood in coronary arteries. 43 Therefore, integrating NIRF with IVUS is attractive as IVUS is performed through blood, and IVUS remains the most widely utilized intravascular imaging approach currently. A 1.4 mm (4.2 Fr) IVUS-NIRF catheter has been described by Dixon and Hassock for ex vivo intravascular imaging ( Table 2) . 52 Newer solutions will attempt to miniaturize the device to ,3 Fr diameter suitable for intracoronary use in vivo, and to better reconstruct fluorescence light attenuated by blood.
Combined optical coherence tomography-near infrared spectroscopy imaging
Even though microstructural imaging provides unique insights about plaque pathology, advancing understanding and improving diagnosis of high-risk lesions require knowledge of the artery's chemical and molecular composition. While some chemical data, such as the presence of lipid, may be inferred from OCT signal, this information is limited to the imaging depth of OCT, which may be superficial, especially in the presence of macrophages and lipid. Recently, a dual-modality OCT-NIRS catheter was developed that integrates the two modalities using a two-fibre arrangement ( Table 2) . 53 The catheter illuminates the tissue through a singlemode fibre and collects the backscattered OCT light with the same fibre. A second collection fibre within the catheter enables a source-detector separation that allows chemical sensing to be performed deeper into the artery walls, as the detected signal travels over longer path lengths. The OCT-NIRS system utilizes a wavelength-swept light source for both OCT and NIRS modalities.
A schematic of the distal tip of the OCT-NIRS catheter is shown in Figure 5A , while Figure 5B and C illustrate the potential value of combined OCT-NIRS imaging in characterizing the composition of the plaque. Although OCT images appear similar, NIRS data (shown as normalized attenuation spectra in the ring around the OCT image) identified lipid only in the lesion in Figure 5C indicating the presence of a fibrocalcific plaque in Figure 5B . These results demonstrate that catheter-based OCT-NIRS imaging provides complementary structural and compositional data that may be used to enhance our capability for detecting fibroatheroma in humans.
Near infrared spectroscopy combined with OCT to probe spectral features of additional plaque molecules will therefore: (i) make it easier for non-expert OCT readers to delineate fibroatheromas, (ii) enable the correlation between lipid content and OCT microstructural features, and (iii) facilitate automated segmentation of lipidcontaining lesions. Future directions include development of a broad bandwidth cholesterol to cholesterol esters ratio that is known to be associated with high-risk coronary lesions.
Combined intravascular ultrasoundintravascular photoacoustic imaging
Intravascular photoacoustic imaging is an analytical chemistry diagnostic technique which appears able to characterize the depth-resolved composition of atherosclerotic plaques, specifically lipids such as cholesterol esters. Intravascular photoacoustic images provide chemical information about plaque composition, can detect the stent struts, and are inherently collocated with tissue structure obtained by IVUS, as the same transducer can be used to perform a conventional pulse-echo measurement ( Figure 6 ). An advantage of IVPA imaging-compared with NIRS-is its depth resolution which makes it possible to know the exact spatial location and volume of the lipids within the plaque relative to the lumen border, imaged by IVUS.
Throughout the past 5 years, several prototypes for hybrid IVUS-IVPA imaging have been presented (Table 2) . Functionally, an IVPA catheter is similar to an IVUS catheter, with the addition of an optical fibre for delivery of light for exciting the IVPA signal. The optical beam is reflected sideways so it is overlapping with the acoustic beam. Early designs based on rotational IVUS catheters, 54 or phased-array transducers 55 were relatively large. They were followed by miniaturized probes that could be used for intracoronary scanning, with high-frequency transducers allowing a very high image resolution of 35 mm. 56 Recently, flexible catheters, suitable for real-time imaging were demonstrated, bringing the image acquisition time to a level with current commercial IVUS systems. 57, 58 In the future, extensions to triple-modality IVPA-IVUS-OCT combinations are conceivable.
The first in vivo applications of IVPA 59, 60 have provided evidence that this modality can become a powerful tool for assessing plaque vulnerability, and quantifying the response to different forms of intervention (device, pharmacologic, and lifestyle changes) with high chemical detail, enabled by multi-wavelength IVPA imaging.
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Nevertheless there is a need to tackle several technical and regulatory hurdles before it can be translated to the clinical arena. 63 Other limitations of the available designs are: the need for blood clearance as blood causes signal attenuation, and the limited ability of IVPA to visualize the entire plaque for quantification of lipid content in the presence of large lipid cores.
Combined fluorescence lifetime imagingintravascular ultrasound
Recent studies have demonstrated that the fluorescence lifetime values retrieved from point-spectroscopy TRFS or FLIm measurements of diseased arteries can be associated with pathological changes in the intima ( 250-300 mm depth) including accumulation of lipid both Figure 5 Schematic representation of the combined optical coherence tomography-near infrared spectroscopy catheter (A). Optical coherence tomography-near infrared spectroscopy images of human cadaver plaques that appear similar by optical coherence tomography. The optical coherence tomography microstructural image is surrounded by the near infrared spectroscopy absorption spectrum at each angle of rotation of the catheter, where yellow indicates high absorption (B and C). The plaque in (B) does not exhibit significant near infrared spectroscopy absorption, whereas the lesion in (C) does. These near infrared spectroscopy datasets indicate that the plaque in (B) is fibrocalcific, whereas in (C) is a lipid-rich plaque. Reprinted with permission from Fard et al. 53 intracellular (in macrophages) and extracellular (lipid pool), collagen, and elastin and thus enable differentiation between TCFA and tick cap fibroatheromas among other pathological features. 64, 65 This lead to the development of several hybrid intravascular catheters combining multispectral rotational FLIm and IVUS for cardiovascular imaging applications, which allows for simultaneous imaging of both biochemical and morphological features of the vessel wall ( Table 2) . Bec et al. reported a rotary catheter that enables simultaneous multispectral FLIm and IVUS imaging. This first prototype had a rather large diameter (7 Fr) that is not feasible for intravascular imaging. 66 Extending on this work, Ma et al. reported a fully automated and integrated FLIm-IVUS bimodal miniaturised (3.5 Fr diameter) imaging system compatible with intravascular fast imaging of coronary arteries. 67 In this design, the optic fibre and IVUS transducer were placed in parallel in a large oval shaped shaft (largest diameter of 5 Fr) able to accommodate both of them ( Figure 7A) . The ultrasound and optical channels consist of the imaging elements of the commercial IVUS 3 Fr catheter and a custom, total internal reflection, side-viewing fibre built around a UV-grade silica fibre optic with a polymethylmethacrylate (PMMA) cap ( Figure 7B ). Each modality can be moved into the imaging section and acquire data through helical scanning, while the other inactive channel is pulled back in the shaft. Using the bi-modal catheter described above ex vivo intraluminal evaluation of diseased coronary arteries from 16 patients demonstrated that combined FLIm-IVUS imaging was able to distinguish different plaque types with a higher sensitivity and specificity (89%, 99%) than standalone FLIm (70%, 98%) or IVUS (45%, 94%). 68 The functionality of this system and the ability of FLIm to operate in vivo have been tested in a healthy swine left anterior descending coronary artery. 69 The system has been optimized, with particular emphasis on clearing blood from the optical pathway. A short data acquisition time (5 s for a 20 mm long coronary segment) enabled data acquisition during a bolus saline solution injection through a 7 Fr guide catheter. While the mild changes in excitation and collection efficiency, due to vessel geometry and motion that occurred during to cardiac circle, created significant variations of intensity over the field of view that were visible in the intensity images, the computed average lifetime ( 6 ns) was uniformly distributed, as expected from a healthy artery (fluorescence dominated by elastin and collagen emission). Due to the cardiac motion the FLIm data could not be directly co-registered with the IVUS data as in ex vivo studies. 67, 68 This work laid the foundation for further integration of FLIm and IVUS in a device compatible with in vivo intravascular imaging (single imaging core, 4 Fr) currently under development by the Marcu group (UC Davis). This new catheter very recently has been tested in vivo in swine coronaries (manuscript in preparation).
Discussion
Advances in molecular biology, new developments in image and signal processing, and the miniaturization of medical devices have enabled the construction of dual-probe intravascular imaging catheters and the design of computer-based methodologies that can provide comprehensive imaging of coronary pathobiology. Validation studies and clinical applications furnish optimism that these devices will allow comprehensive assessment of the pathophysiological mechanisms associated with plaque growth and enable more accurate detection of vulnerable lesions. 34, 35, 42 Large-scale studies of atherosclerosis that investigate the potential role of hybrid imaging in detecting high-risk lesions and identifying high-risk patients that may benefit from an aggressive treatment of coronary atherosclerosis, have recently commenced. 70 Catheters combining three or four different modalities with complementary strengths in assessing lumen and outer vessel wall dimensions (OCT with a higher resolution and IVUS with a higher penetration depth), and composition (TRFS that is sensitive to lipids, collagen, and molecules associated with inflammation in plaque but has limited penetration depth with IVPA that can detect lipids and their location in the plaque or NIRS that is sensible to lipids) are foreseeable in the future. Nevertheless hybrid intravascular imaging has also significant limitations. The invasive nature of these modalities, the increased cost, and the fact that they are unable to visualize the entire coronary tree and provide a complete assessment of coronary artery pathophysiology are fundamental drawbacks that are expected to limit the applications of hybrid imaging in selected populations. Moreover, the described modalities-apart from the combined NIRS-IVUS catheter-are in their infancy and thus there is limited quantitative data to support their accuracy in assessing plaque characteristics and demonstrate their superiority over standalone imaging. 68 Although there is early evidence demonstrating the added value of multimodality imaging over standalone imaging techniques, 42,71 -73 further research and histology-based validation studies are required in order to confirm the theoretical advantages of the hybrid imaging modalities in assessing plaque morphology and composition. Finally, the increased time required to process the acquired data is also likely to affect the broad application of hybrid intravascular imaging in the study of atherosclerosis. Non-invasive imaging and especially CTCA or combined CTCApositron emission tomography imaging appears as an attractive alternative for the study of coronary atherosclerosis as it allows assessment of coronary artery pathology in the entire coronary tree, quantification of plaque burden and composition, and identification of plaque inflammation. 74, 75 Hybrid intravascular imaging modalities are likely to be used in the future to assess the efficacy of new developments in non-invasive imaging and evaluate their accuracy in assessing plaque pathobiology opening new avenues in the study of atherosclerosis.
Conclusions
Hybrid intravascular imaging introduces a unique opportunity for the study of atherosclerosis. The advanced data fusion methodologies have enabled fast coronary reconstruction and accurate assessment of vessel geometry and plaque distribution, while the numerous multimodal catheters that have been recently introduced appear able to permit detailed and comprehensive assessment of the structure, composition, and biology of the atheroma. Cumulative evidence from their first applications in research indicates that hybrid imaging can provide unique insight about plaque vulnerability and identify lesions that are prone to rupture. Further effort is anticipated in the next years to come that will overcome the limitations of the existing designs allowing their broad applications in the clinical practice and research. Hybrid intravascular imaging has gradually matured and is expected to constitute an advantageous approach for the study of atherosclerosis and the identification of high-risk patients.
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